Abstract. Diffuse optical spectroscopy (DOS) of breast tissue provides quantitative, functional information based on optical absorption and scattering properties that cannot be obtained with other radiographic methods. DOS-measured absorption spectra are used to determine the tissue concentrations of deoxyhemoglobin (Hb-R), oxyhemoglobin (Hb-O2), lipid, and water (H2O), as well as to provide an index of tissue hemoglobin oxygen saturation (StO2). Tissue-scattering spectra provide insight into epithelial, collagen, and lipid contributions to breast density. Clinical studies of women with malignant tumors show that DOS is sensitive to processes such as increased tissue vascularization, hypoxia, and edema. In studies of healthy women, DOS detects variations in breast physiology associated with menopausal status, menstrual cycle changes, and hormone replacement. Current research involves using DOS to monitor tumor response to therapy and the co-registration of DOS with magnetic resonance imaging. By correlating DOS-derived parameters with lesion pathology and specific molecular markers, we anticipate that composite "tissue optical indices" can be developed that non-invasively characterize both tumor and normal breast-tissue function.
Basic principles of near-infrared diffuse optical spectroscopy
Diffuse optical spectroscopy (DOS) utilizes nearinfrared (NIR) light to non-invasively quantify the biochemical composition of breast tissue. The unique information obtained by DOS makes it complementary to conventional radiological techniques and suitable for a variety of clinical applications, such as therapeutic monitoring, lesion characterization, and risk assessment.
NIR propagation in tissue is governed by light absorption, and NIR scattering is governed by endogenous molecules and structures. Light is absorbed by several chromophores of biochemical significance, in-cluding hemoglobin, water, and lipid. The spectral characteristics of heme allow for resolution of deoxyhemoglobin (Hb-R) from oxyhemoglobin (Hb-O 2 ). Complete spectra of these principal NIR tissue absorbers are shown in Fig. 1 . Shorter wavelengths (ultraviolet and visible) are strongly absorbed by melanin, proteins, and hemoglobin; wavelengths longer than ∼1000 nm are strongly absorbed by water [1] . Thus, weakly absorbed light in the ∼650-to ∼1000-nm spectral region that can penetrate several centimeters is used for DOS of thick tissues such as breast, brain, and muscle [2] .
In addition to absorption, NIR light propagation in tissue is attenuated due to scattering. Photons are scattered strongly as they encounter inhomogeneities in tissue structure and composition caused by changes in refractive index within and between cells. Consequently, NIR light propagation in tissue approximates a diffusive process dominated by multiple scattering events that effectively increase the optical pathlength by as much 10-20 times the linear distance between light source and detector. Because of multiple light scattering, quantitative, independent measurements of tissue absorption (µ a ) and reduced scattering (µ s ) parameters, typically at multiple wavelengths, are necessary for determining the absolute tissue concentration of the principal biological chromophores (hemoglobin, water, and lipid). This can be accomplished at depth in thick tissues using time-or frequency-domain photon migration techniques.
Optical methods applied to breast imaging in the 1980s consisted of trans-illumination and diaphanography, which used continuous-wave visible and NIR light, respectively, to visualize lesions [3] . These qualitative approaches did not account for the strongly scattering nature of NIR light propagation in tissue that led to high false negative and false positive rates and contradictory findings [4] [5] [6] [7] [8] [9] . Advances in the understanding of light transport through turbid media during the 1990s led to the development of technologies based on DOS and diffuse optical imaging (DOI). These quantitative approaches have several advantages over earlier continuous-wave techniques [10, 11] .
The DOS technical strategy we employ in our studies, frequency-domain photon migration (FDPM), uses intensity-modulated light to quantify µ a and µ s parameters at discrete wavelengths. The theory and instrumentation used in FDPM are described in detail elsewhere [12] [13] [14] . We use a bedside-capable instrument equipped with 10 laser diodes operating between 650-1000 nm (Fig. 2a) . The source-modulation frequencies are swept from 50-600 MHz [15] . In addition, we employ a steady-state (SS) spectroscopic system to measure µ a values where FDPM wavelengths do not exist [16] . Together, these techniques provide complete NIR tissue absorption and scattering spectra. Measurements are made by scanning a hand-held probe equipped with optical fibers and an avalanche photodiode detector across the breast (Fig. 2b) . The total measurement time to generate complete NIR absorption and scattering spectra (650-1000 nm) from a single probe typically position is 30-45 seconds.
Once the spectral information is generated, the tissue concentrations of Hb-R, Hb-O 2 , lipid, and water are calculated using their wavelength-dependent molar extinction coefficients. Other NIR tissue absorbers such as myoglobin and cytochrome are assumed to have a negligible contribution to light absorption in breast tissue. Quantification of biochemical markers is important to clinical applications because they reveal critical aspects of tissue structure and function. water vary with glandular content, hormonal stimulation, and edema. The wavelength-dependence of scattering can be fit to a mathematical model that provides insight into the size and distribution of biological scatterers in tissue [17, 18] , factors that vary with epithelial, lipid, and collagen content [19, 20] . Thus, the spectral dependence of µ s and µ a together noninvasively probe important quantitative functional information that can reveal a wide range of breast-tissue physiological states.
Advantages and limitations of DOS vs. competing technologies
Diagnostic methods currently in use, such as x-ray mammography, magnetic resonance imaging (MRI), and ultrasound (US), offer excellent anatomic lesiondetection capabilities but generally cannot provide quantitative functional information vital for diagnostic purposes [21] . In addition, MRI and US are used only as secondary procedures to mammography due to factors such as high cost and poor specificity (MRI) or low sensitivity (US). Positron emission tomography (PET) is capable of evaluating tissue metabolic demand but has limited resolution and requires exogenous radionuclides. Consequently, invasive procedures such as fineneedle aspiration or surgical biopsy are implemented to provide a definitive diagnosis.
DOS has potential for clinical impact because it can be a portable, inexpensive, bedside technology that does not require compression and is sensitive intrinsically to the principal components of breast tissue. DOS also is compatible with the use of exogenous probes, such as NIR molecular beacons, and can monitor multiple probes and hemoglobin dynamics simultaneously. Because DOS is responsive to tissue physiology, its performance is not necessarily compromised by structural changes that impact breast density. Methods such as x-ray mammography and MRI have diminished sensitivity and decreased efficacy in women with high breast density [22] [23] [24] . As a result, DOS is advantageous for populations with dense breasts, such as younger women and women who receive hormone replacement therapy. Because NIR light is non-ionizing, DOS also is suitable for high-risk populations and can be used to monitor physiological changes on a frequent basis without exposing the tissue to potentially harmful radiation. The primary limitation of DOS is related to the fact that light propagates diffusely in tissue [11] . The volume of tissue probed is dependent upon the optical properties of the tissue, the distance between the light source and detector, and the source modulation frequency. For data reported in this paper, an average volume of approximately 0.5 cm 3 is interrogated per measurement. DOS sensitivity is dependent upon the fraction of signal resulting from light probing diseased tissue versus surrounding healthy tissue. Thus, the sensitivity of DOS techniques depends upon the depth and size of the lesion. In addition, DOS methods do not provide the structural resolution obtainable with mammography or MRI. Thus, DOS is not likely to be suitable for screening or detection of structural changes associated with small lesions (<0.5 cm) or microcalcifications. In some cases, these limitations can be addressed by the use of highly specific exogenous molecular probes.
Sensitivity of DOS to breast tissue physiology and cancer
Several research groups have demonstrated the sensitivity of DOS to markers of breast disease. For ex- ample, in diseased tissue, measurements of tumor total hemoglobin concentration (THC) typically are 2-4 fold greater than in normal tissue, and tumor S t O 2 values generally are reduced by 5-20% [21, 25, 26] . Water content can be a reliable indicator of lesions such as fibroadenomas [27] . Because the intensity of light attenuates exponentially with distance, reported tumor spectroscopic values represent a weighted average of lesion and healthy tissue and, thus, tumor/normal contrast depends upon tumor size and depth. rable to the 960 nm water peak for the tumor. However, the lipid/water ratio is substantially greater for normal tissue, which corresponds to a significant increase in tumor water content. Figure 3b shows that this tumor tissue has higher scattering values and a steeper scattering slope than does normal tissue. This suggests that the tumor is composed of smaller scattering particles compared to the surrounding, principally fatty, tissue. The physiological interpretation of this observation is that there is greater epithelial and collagen content in the tumor. Overall, the differences in spectra between the two tissue types are manifestations of multiple physiological changes associated with increased vascularization, cellularity, oxygen consumption, and edema in the tumor.
Clinical measurements are performed by scanning the probe across the lesion and repeating this "linescan" pattern on the contralateral breast (Fig. 4) . Results for malignant tumors typically reveal a combination of elevated water and THC and decreased S t O 2 and lipid content. For illustration, physiological parameters derived from the line-scan across normal and tumor tissue of the patient with an invasive ductal carcinoma are plotted in Fig. 5 . These DOS measurements have underlying physiological meaning: high THC corresponds to elevated tissue blood volume fraction, high water content suggests edema and increased cellularity, decreased lipid content reflects displacement of parenchymal adipose, and decreased S t O 2 indicates increased tissue oxygen metabolism. These functional changes can act in concert to reveal disease. For example, a simple composite clinical index that exploits DOS-derived parameters to describe the tissue metabolic state can be derived. Figure 6 displays one type of "tissue optical index (TOI)," TOI = 
([water][THC])/(S t O 2 [lipid]), in which elevated TOI values suggest high metabolic activity.
A common procedure for optical methods has been to compare the optical properties of diseased tissue to healthy breast tissue in the same subject. However, the physiology of healthy breast tissue is complex and is influenced by multiple factors such as menstrual cycle, menopause, hormones/drugs, lactation, and pregnancy [20] . DOS-measured parameters are sensitive to the resulting biological changes in the tissue, such as glandular atrophy, glandular metabolism, and changes in collagen-to-fat ratio. Knowledge of the normal values of NIR chromophores will play an important role in evaluating the sensitivity and accuracy of optical methods for detecting and characterizing lesions in the breast.
Figures 7a and 7b display the absorption and scattering spectra of a post-and pre-menopausal woman, respectively [28] . The symbols correspond to µ a and µ s values at FDPM wavelengths. The concentrations of spectroscopically derived parameters are shown in the figure. The pre-menopausal woman has increased absorption in the 650-850 nm spectral region, corresponding to higher THC. In addition,the premenopausal woman has an elevated water absorption peak at 960 nm; whereas the post-menopausal woman displays strong lipid absorption at 930 nm, with little or no features at 960 nm. These spectral differences between the two women reflect physiological changes due to glandular atrophy after menopause. Other studies confirm these trends [29, 30] . Since glandular tissue is more vascularized than the surrounding parenchyma, a post-menopausal drop in total hemoglobin is expected, without a considerable change in S t O 2 . The slope of the scattering spectrum ("scatter power") has been related to the average size of the scattering particle [17] and can provide insight into the structure and composition of the breast, such as the collagen-to-fat ratio [28] . After menopause, small-particle glandular tissue is replaced by fat (relatively large particles), which can lead to a reduction in scatter power.
These trends persist in a population of women. Figure 8 displays the average values of each parameter based on menopausal status for 21 healthy volunteers (14 pre-menopausal and 7 post-menopausal women). Thus, DOS measurements are sensitive to biological processes in the breast that occur with menopause, such as decreased fibroglandular volume, blood flow, and metabolism [31] [32] [33] . Previous studies [34, 35] show that DOS also is intrinsically sensitive to breasttissue variations during the menstrual cycle of premenopausal women. Results in a limited number of cases have shown that µ a is higher before the onset of menses than prior to ovulation, which translates into an increase in tissue hemoglobin and water content. These changes are consistent with the physiological effects due to ovarian hormone fluctuations during the menstrual cycle [36, 37] . 
Current research

Response to cancer therapies
Currently, much effort in the radiology community is directed toward imaging angiogenesis, a key enabling event in tumor growth and metastasis [38] . DOS is highly sensitive to changes in hemoglobin content and oxygen utilization at the micro-vessel level, processes that are associated with angiogenesis. Ongoing studies in our laboratory and in other research groups [25, 26, [39] [40] [41] have shown excellent correlation between several DOS-derived hemoglobin parameters and tumor pathology. Assessment of tumor angiogenesis and ves- sel density can be applied to monitoring tumor response to therapy and predicting therapeutic outcome.
One therapeutic approach for women with locally advanced breast cancer is pre-surgical (neo-adjuvant) chemotherapy. This strategy can shrink tumors and allow for more complete surgical removal; thereby increasing long-term survival [42] . Determining the optimal chemotherapy regimen and duration is challenging because of the difficulty associated with quantitatively evaluating therapeutic response. We are exploring the use of non-invasive optical methods for rapid assessment of tumor physiology in order to maximize therapeutic efficacy. Preliminary results using DOS to monitor patients who receive neo-adjuvant therapy have shown excellent sensitivity to tumor response, functional changes, size, and residual disease via hemoglobin and water signatures [43] . For example, Fig. 9 shows that, during the first week of doxorubicin/cyclophosphamide therapy, peak tumor THC levels dropped by 27%, whereas normal breast tissue and abdomen (control site) changed by ∼5%. On day 68, after three cycles of chemotherapy, peak tumor THC was 44% of pre-chemotherapy levels, and normal breast and abdomen decreased to ∼70% and ∼60%, respectively. Evaluating tumor response in terms of tissue optical indices will allow for a more comprehensive assessment of disease status and may provide an early indicator of response to therapy and optimize therapeutic outcome. 
Combined DOS and magnetic resonance imaging
Diffuse optical methods have valuable functional capabilities but are not as effective for disease localization as conventional anatomic imaging techniques. In order to address this limitation, many investigators have developed strategies for combining DOS with MRI [44] [45] [46] US [41, 47] , and mammography. Integration of high-resolution structural information from MRI can complement optically derived functional information. A combination of these methods has the potential to enhance our understanding of the complex biological processes that are associated with tumor transformation, growth, and hemodynamics. We have developed a rat tumor model to investigate DOS co-registration with MRI [48, 49] . Simultaneous T2-weighted, gadoliniumdiethylenetriaminepentaacetic (Gd-DTPA) contrast-enhanced MRI/DOS measurements of a rat abdomen in cross-section (Figures 10a and 10b) show that contrastenhanced images can separate viable, edematous, and necrotic tumor tissues for correlation with contrastagent information and NIR-DOS measurements. DOS results from 10 rats reveal increasing water content in edematous tissues and decreasing THC and S t O 2 values in necrotic tissues over a 20-day period [49] . 
Future improvements
Combining DOS-measured parameters with conventional radiological imaging and advanced immunohistochemical methods will enhance our ability to detect and characterize breast lesions. Future study improvements include correlating optical data with radiographic density, a risk factor for breast disease [50] [51] [52] [53] [54] . Radiographic density can be altered by diet, hormone use, and other factors [55] [56] [57] ; however, mammography is unsuitable for monitoring density changes regularly. DOS quantitatively measures changes in tissue structure via optically derived functional parameters such as tissue "scatter power," water concentration, and lipid content. Consequently, DOS may be appropriate for frequent evaluation of breast density varia-tions because it does not utilize ionizing radiation and has a high degree of patient acceptance. (DOS does not require compression). Furthermore, DOS is a relatively inexpensive and simple addition to mammography, US, and MRI. Incorporation of DOS into these modalities will provide unique functional information from both endogenous targets and exogenous probes, although precise co-registration with anatomic images remains an important challenge.
Conclusions
We have demonstrated that DOS measurements of biochemical composition correlate well with known breast-tissue physiology and tumor pathology. Combining DOS methods with immunohistochemical and radiological information can lead to the development of simple predictive optical indices that can provide specific assessment of tissue blood volume, metabolism, and cellular and matrix density. Ultimately, this approach is expected to advance our understanding of the origins of breast disease, improve tumor characterization, and have a practical impact on optimizing the efficacy of neo-adjuvant chemotherapy.
